Axon Guidance: Opposing EPHects in the Growth Cone  by Klein, Rüdiger
Cell
4
Selected Readingfor manifesting the effects of Smurf-1 loss in these
cells. Furthermore, retroviral-mediated introduction of a
Dupont, S., Zacchigna, L., Cordenonsi, M., Soligo, S., Adorno, M.,constitutively active JNK mimics the sensitization to
Rugge, M., and Piccolo, S. (2005). Cell 121, this issue, 87–99.
BMP seen in Smurf-1-null cells, indicating that JNK ac-
Kavsak, P., Rasmussen, R.K., Causing, C.G., Bonni, S., Zhu, H.,
tivation is sufficient for the development of the pheno- Thomsen, G.H., and Wrana, J.L. (2000). Mol. Cell 6, 1365–1375.
type. A number of kinases that act upstream of JNK
Lin, X., Liang, M., and Feng, X.-H. (2000). J. Biol. Chem. 275,
and are capable of causing its phosphorylation contain 36818–36822.
“PY” motifs that interact with a specific region, the WW Shi, Y., and Massague, J. (2003). Cell 113, 685–700.
domain, of the Smurf family of proteins. Of these,
Takaku, K., Oshima, M., Miyoshi, H., Matsui, M., Seldin, M.F., and
MEKK2 was found to be a binding partner for Smurf-1, Taketo, M.M. (1998). Cell 92, 645–656.
and a phosphorylated form of MEKK2 was defined as Whitman, M. (2001). Dev. Cell 1, 605–617.
a target for Smurf-1-mediated ubiquitination and deg- Yamashita, M., Ying, S.-X., Zhang, G., Li, C., Cheng, S.Y., Deng, C.,
radation. Thus, the absence of Smurf-1 causes the ac- and Zhang, Y.E. (2005). Cell 121, this issue, 101–113.
cumulation of MEKK2, resulting in activation of JNK, Zhang, Y., Chang, C., Gehling, D.J., Hemmati-Brivanlou, A., and De-
an event that is both necessary and sufficient for BMP rynck, R. (2001). Proc. Natl. Acad. Sci. USA 98, 974–979.
sensitization in osteoblasts. Zhu, H., Kavsak, P., Abdollah, S., Wrana, J.L., and Thomsen, G.H.
This study is of significance because it highlights the (1999). Nature 400, 687–693.
important contributions of Smad-independent kinase-
cascade signaling pathways to the elicitation of spe-
cific biological responses to the TGF-β superfamily by
convincingly demonstrating a mechanistic link between
the activity of Smurf-1 and MEKK2 degradation in the
context of BMP signaling. However, the molecular con-
nection between JNK activation and BMP sensitization
remains to be elucidated. AP-1 family members and
Smads are known to act coordinately on a number of
promoters. By augmenting AP-1 activity, transcription
of those genes could be sensitized to the Smads, con-
sequently providing an explanation to the phenotype
observed in the Smurf-1-null mice. On the other hand,
JNK has previously been shown to be activated directly
by TGF-β stimulation via an unknown mechanism, al-
though a direct activation of JNK by BMP may not be
the molecular basis for the sensitizing effects observed
in Smurf-1-null cells.
In summary, findings presented in these two articles
highlight the prominence and likely the generality of
ubiquitin-mediated degradation of components of TGF-β
signaling pathways as a critical mechanism to control
and fine-tune biological responses to the TGF-β super-
family. The discovery of Ecto as a determinant of ecto-
derm formation during embryonic development and
revelation of its potential role in modulating tissue ho-
meostasis firmly establish the functional significance of
this mechanism. The characterization of MEKK2 as a
physiological target of Smurf-1 provides fresh evidence
for the importance of Smad-independent signaling
pathways in determining the ultimate nature of biologi-
cal responses to this superfamily of cytokines. In the
meantime, it also serves as a cautionary note to the use
of overexpression as the sole approach to functionally
define the physiological targets of the ubiquitin ligases.
In the next phase, the challenge will be the determina-
tion of physiological roles of the ever-growing number
of ubiquitin ligases that are biochemically linked to the
signaling pathways of TGF-β superfamily in specific bi-
ological contexts and processes.
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Axon Guidance: Opposing
EPHects in the Growth Cone
Cells communicate with other cells via (trans) interac-
tion between membrane-linked ephrins and Eph re-
ceptors. In this issue of Cell, Pfaff and colleagues
(Marquardt et al., 2005) demonstrate that coexpressed
ephrin-As and Ephs do not interact in cis but rather
segregate into separate membrane domains, from
which they signal opposing effects during motor
axon guidance.
Motor neurons in the ventral spinal cord project their
axons to specific target muscles in the limb. The trajec-
tories selected by growing axons are influenced by
attractive and repulsive guidance factors within and
around their migratory pathway. Guidance signals are
recognized by receptors expressed on the cell surface
of a specialized structure, called the growth cone, at
the tip of the axon. While some guidance factors are
soluble and influence axons at some distance, others
are membrane bound and influence the behavior of a
growth cone after cell-cell contact.
An important class of membrane bound guidance
molecules are the ephrins, which come in two flavors:
glycosylphosphatidylinositol (GPI)-anchored ephrin-As
and transmembrane ephrin-Bs (Palmer and Klein, 2003).
During cell-cell contact, ephrins bind Eph receptor tyro-
sine kinases, a large family of type I transmembrane
receptors, which are also grouped into EphAs and
EphBs, largely reflecting their binding preferences for
either ephrin-As or ephrin-Bs. Ephrin-induced Eph sig-
naling often leads to repulsion of the growth cone away
from the ephrin-expressing cell involving local changes
in the assembly and disassembly of cytoskeletal com-
ponents. Ephrin-Eph binding at the cell surface not only
leads to responses of the Eph-expressing cell but can
also elicit reverse signaling events in the ephrin-
expressing cell. Such ephrin responses can be repul-
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cellular context (Zimmer et al., 2003).
Initial models of Eph/ephrin-mediated axon guidance
focused on the complementary expression of Eph re-
ceptors in the growth cones and of ephrins on cells in
the surrounding territories and target tissues, and vice
versa (Flanagan and Vanderhaeghen, 1998). However,
with the repertoire of tools expanding, it became
increasingly clear that cells often coexpress Ephs and
corresponding ephrins opening the possibility of Eph/
ephrin (cis) interactions laterally on the same surface.
In the case of retinal ganglion cell axons, it was found
that the behavior of the growth cone was determined
by the relative levels of coexpressed EphAs and ephrin-
As: The higher the levels of ephrin-As in the growth
cone, the weaker the repulsive response toward exoge-
nous ephrin-As. It was concluded that ephrin-As un-
derwent hypothetical cis interactions with coexpressed
Eph receptors, thereby desensitizing or masking the
Ephs toward ephrin-As presented by the target cell in
trans (Hornberger et al., 1999). The study in this issue
of Cell by Pfaff and coworkers (Marquardt et al., 2005)
suggests that we should reconsider such a masking
model in favor of a model in which coexpressed ephrins
and Ephs segregate from each other and have oppos-
ing effects on the growth cone: EphAs mediating repul-
sion and ephrin-As mediating attraction.
To investigate the signaling capabilities of coex-
pressed EphA and ephrin-As, Pfaff and coworkers pre-
pared chick ventral spinal cord explants containing mo-
tor neurons and stimulated outgrowing axons with
exogenous ephrin-A and EphA proteins (pre-clustered
fusion proteins consisting of extracellular domains of
either ephrin-A or EphA fused to the Fc portion of hu-
man immunoglobulin G). Stimulation of explants with
exogenous ephrin-A protein activated endogenous
EphA receptors and led to collapse of the growth cone.
Unexpectedly and inconsistent with a masking model,
elevating or reducing the levels of coexpressed ephrin-
A did not modulate EphA-mediated collapse. Con-
versely, stimulation of explants with exogenous EphA
protein had the opposite effect: it increased the size of
the growth cone possibly by enhancing adhesive forces
toward the substrate. This so-called growth cone spread-
ing positively correlated with the levels of ephrin-As on
the cell membrane. These and other findings suggested
that EphAs were functionally uncoupled from coex-
pressed ephrin-As.
How was functional uncoupling of coexpressed ephrin-
As and EphA proteins achieved? To visualize the distri-
bution of coexpressed EphAs and ephrin-As within the
native growth cone membrane, the authors performed
fluorescent antibody co-patching experiments. Soluble
epitope-tagged EphA and ephrin-A proteins were added
to neurons and co-patched with fluorescent antibodies.
It was expected that ephrin-As and EphAs when ex-
pressed in close proximity would end up in the same
patches, whereas proteins in different membrane frac-
tions would produce segregated clusters. Under all ex-
perimental conditions, it was found that EphAs and
ephrin-As were segregated into separate membrane
domains and were capable of simultaneous binding of
their respective binding partners presented in trans.
The authors then forced colocalization of ephrin-As and
EphAs by expressing chimeric proteins, in which theextracellular domains responsible for trans binding
were linked to the wrong membrane anchor sequence.
For example, coexpression of wild-type EphA4 with
chimeric ephrin-A5 fused to the EphA4 transmembrane
sequence (ephrin-A5:EphA4[TM]) led to colocalization
and cis interaction. Expression of ephrin-A5:EphA4[TM]
in motor neurons led to masking of EphA4 and to a
reduction in ephrin-induced growth collapse. Thus, lat-
eral partition of EphAs and ephrin-As into separate mem-
brane domains restricts their ability to interact in cis and
allows them to participate in simultaneous signaling
events. Motor neurons which coexpress EphAs and
ephrin-As, are repelled from tissues expressing ephrin-
As while simultaneously being attracted to cells ex-
pressing EphA receptors.
Differential sorting of membrane proteins has pre-
viously been seen in polarized cells such as epithelial
cells and neurons. The present study by Pfaff and co-
workers reports the so far finest level of segregation of
a ligand and its receptor within the same subcompart-
ment, the neuronal growth cone. The authors suggest
that this mechanism is a generalizable paradigm for
other signaling molecules and cellular contexts. It may
provide an additional level of regulation for signaling
activities. Extrinsic or intrinsic signals may enhance or
suppress segregation of proteins within the plasma
membrane, thereby changing their signaling capabili-
ties. What exactly leads to segregation of ephrin-As
and EphAs remains to be determined. One intriguing
possibility is that ephrin-As, ephrin-Bs, and Ephs are
sorted to different membrane rafts, which are special-
ized membrane microdomains composed of glyco-
sphingolipids and cholesterol (Gauthier and Robbins,
2003). Alternatively, the interaction with intracellular or
transmembrane proteins may pull ephrins and Ephs
into different subcompartments of the plasma mem-
brane.
What is the in vivo relevance of segregation of coex-
pressed ephrins and Ephs? In EphA-positive retinal
axons, coexpressed ephrin-As alter the response to
target-derived ephrin-As (Hornberger et al., 1999). In
light of the present data it would be important to revisit
the retinal system and to investigate the distribution of
coexpressed ephrins and Ephs within retinal growth
cones. It would further be very useful to conditionally
remove ephrin-As from either retinal axons or target
cells to determine the relative contributions of axonal
and target-derived ephrins in retinotectal mapping.
With regard to spinal motor axon pathfinding, Pfaff and
coworkers suggested that the dorsal choice of the lat-
eral division of lateral motor column (LMCl) axons is the
coordinated result of EphA4-mediated repulsion away
from the ephrin-A-positive ventral limb mesenchyme
and ephrin-A-mediated attraction toward the dorsal
EphA-positive limb mesenchyme. While the require-
ment of EphA4 for LMCl axon pathfinding is well estab-
lished in mouse (Helmbacher et al., 2000) and chick
(Eberhart et al., 2002; Kania and Jessell, 2003), the con-
tribution of coexpressed ephrin-As has so far only been
addressed in gain-of-function experiments in the chick
(Marquardt et al., 2005). Double ephrin-A2−/−;ephrin-
A5−/− mutant mice display defective nerve-muscle to-
pography in diaphragm but no hindlimb phenotype
(Feng et al., 2000). It therefore remains to be deter-
mined whether or not coexpression of ephrins and
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pathfinding in vivo.
This novel mechanism of functional uncoupling of li-
gand and receptor signaling within the same membrane
compartment (axonal growth cone) adds tremendously
to our understanding of ephrin-Eph-mediated cellular
remodeling processes. It may help to dissect other cell-
cell signaling events involving membrane-associated li-
gands and receptors.
Rüdiger Klein
Department of Molecular Neurobiology
Max-Planck Institute of Neurobiology
Munich-Martinsried
Germany
Selected Reading
Eberhart, J., Swartz, M.E., Koblar, S.A., Pasquale, E.B., and Krull,
C.E. (2002). Dev. Biol. 247, 89–101.
Feng, G., Laskowski, M.B., Feldheim, D.A., Wang, H., Lewis, R.,
Frisen, J., Flanagan, J.G., and Sanes, J.R. (2000). Neuron 25, 295–
306.
Flanagan, J.G., and Vanderhaeghen, P. (1998). Annu. Rev. Neurosci.
21, 309–345.
Gauthier, L.R., and Robbins, S.M. (2003). Life Sci. 74, 207–216.
Helmbacher, F., Schneider-Maunoury, S., Topilko, P., Tiret, L., and
Charnay, P. (2000). Development 127, 3313–3324.
Hornberger, M.R., Dutting, D., Ciossek, T., Yamada, T., Handwerker,
C., Lang, S., Weth, F., Huf, J., Wessel, R., Logan, C., et al. (1999).
Neuron 22, 731–742.
Kania, A., and Jessell, T.M. (2003). Neuron 38, 581–596.
Marquardt, T., Shirasaki, R., Ghosh, S., Andrews, S., Carter, N.,
Hunter, T., and Pfaff, S. (2005). Cell 121, this issue, 127–139.
Palmer, A., and Klein, R. (2003). Genes Dev. 17, 1429–1450.
Zimmer, M., Palmer, A., Kohler, J., and Klein, R. (2003). Nat. Cell
Biol. 5, 869–878.
DOI 10.1016/j.cell.2005.03.018
